6 8 MAR 2004 



PCT/FI2003/000921 



Vlll^l 


Declaration: Inventorship (only for 
the purposes of the designation of 
the United States of America) 
Declaration of Inventorship (Rules 
4.170V) and 51bis.1 (a)(iv)) for the 
purposes of the designation of the 
United States of America: 


I hereby declare that I believe I am the 
original, first and sole (if only one 
inventor is listed below) or joint (if 
more than one inventor is listed below) 
inventor of the subject matter which is 
claimed and for which a patent is 
sought . 

This declaration is directed to 
intesmational application No. 
PCT/FI03/00921 (if furnishing declaration 
pursuant to Rule 2 6ter) 
X hereby declare that xny residence, 
zaailing address, and citizenship are as 
stated next to my name* 

I hereby state that I have reviewed and 
understand the contents of the 
above- identified international 
application, including the claims of 
said application. 1 have identified in 
the request of said application, in 
compliance with PCT Rule 4.10, any claim 
to foreign priority, and I have 
identified below, under the heading 
"Prior Applications," by application 
niunber, country or Member of the World 
Trade Organization, day, month and year 
of filing, any application for a patent 
or inventor's certificate filed in a 
country other than the United States of 
America, including any PCT international 
application designating at least one 
country other than the United States of 
America, having a filing date before 
that of the application on which foreign 
priority is claimed. 


-1 


Prior applications: 


20022131, FX, 03 December 2002 
(03.12.2002) 



PCT/FI2003/000921 



I hereby acknowledge the duty to 
disclose information that is known by me 
to be material to patentability as 
defined by 37 C.P.R. § 1,56, including 
for continuation-in-part applications, 
material information which became 
available between the filing date of the 
prior application and the PCT 
international filing date of the 
continuation- in-par t application • 
I hereby declare that all statements 
made herein of my own knowledge are true 
and that all statements made on 
information and belief are believed to 
be true; and further that these 
statements were made with the knowledge 
that willful false statements and the 
like so made are punishable by fine or 
imprisonment, or both, under Section 
1001 of Title 18 of the United States 
Code and that such willful false 
statements may jeopardize the validity 
of the application or any patent issued 
thereon . 



VIII-4-1 
-1-1 
Vlll-4-1 
-1-2 



Residence: 

(city and either US State, if applicable, 
or country) 
Mailing address: 



Name: 



NIIR2^NEN, Jouko 



Helsinki, Finland 



VIII-4-1 

-1-3 

Vill-4-1 

-1-4 

VIIM-I 

-1-5 



Inventor's Signature: 
(if not contained In the request, or if 
declaration Is corrected or added under 
Rule 26ter after the filing of the 
international application. The signature 
must be that of the Inventor, not that of 
the agent) 
Date: 

(of signature which is not contained In 
the request, or of the declaration that Is 
conrected or added under Rule 26ter 
after the filing of the International 
appHcation) 



Citizenship: 



Kyi ane van tie 2 A 4 



PI 




Vlil-4-1 
-1-6 




IPCTAFI2003/00p921 0 9 2 1 



1 

Method for defining quadrature-axis magnetizing inductance of 
synchronous machine 

BACKGROUND OF THE INVENTION 

[0001] The invention relates to defining quadrature-axis magnetizing 
inductance of a synchronous machine as described in the preamble of claim 1 . 

[0002] Synchronous machines are generally used as motors in ap- 
plications that require high power and torque. Typical applications are for in- 
stance rolling drives in metal Industry, in which the power of one synchronous 
motor can be several megawatts. A rolling drive also needs to be precise and 
fast to ensure the quality of the final product. 

[0003] Today, frequency converters are typically used to precisely 
and quickly control synchronous motors. The motor is controlled with a fre- 
quency converter in such a manner that the converter part of the frequency 
converter produces a desired voltage or current to the motor poles. The most 
common frequency converter type is a frequency converter with a DC voltage 
link, in which the output voltages are generated from the direct voltage of the 
intermediate circuit with an inverter. 

[0004] By using a frequency converter, it is possible to control a 
machine quickly and appropriately. So as to make controlling the machine 
possible during load situations and their changes, an as precise electric model 
as possible should be drafted of the synchronous machine, and on the basis of 
the model, the electric state of the machine can be calculated to control the 
machine. An electric model requires not only a mathematical description of the 
machine but also information on the machine parameters. These parameters, 
such as different types of Inductances and resistances may be of different size 
even in similar machines of one manufacturer. The manufacturer of the ma- 
chine typically declares the parameters required for the machine, but the 
measured values declared by the manufacturer are often inexact or deficient. 

[0005] A problem arises especially in defining the magnitude of the 
quadrature-axis magnetizing inductance of a synchronous machine. Up till 
now. this has been done by using a load machine, the size of which corre- 
sponds to the size of the machine to be measured. Another known alternative 
is to lock the shaft reliably into place. This problem is especially emphasized in 
very high power categories, since the prior-art arrangement for defining quad- 
rature-axis magnetizing inductance is significantly large and expensive. 
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BRIEF DESCRIPTION OF THE INVENTION 

[0006] It is thus an object of the Invention to develop a method that 
avoids the above-mentioned drawbacks and enables the definition of the mag- 
nitude of the quadrature-axis magnetizing inductance of a synchronous ma- 
chine with a simpler method than before and by using an apparatus that is 
simpler than before. This object is achieved by a method of the invention that 
is characterized by what is stated in the characterizing part of the independent 
claim. Preferred embodiments of the invention are set forth in the dependent 
claims. 

[0007] The invention is based on the idea that by controlling a syn- 
chronous machine into a specific state with an inverter, the magnitude of the 
quadrature-axis magnetizing inductance of the synchronous machine can be 
defined in a reliable manner. 

[0008] The method of the invention provides the advantage that the 
measuring arrangement becomes considerably simpler, faster and cheaper 
than the earlier known methods. 

BRIEF DESCRIPTION OF THE FIGURES 

[0009] The invention will now be described in greater detail by 
means of preferred embodiments and with reference to the attached drawings, 
in which 

Figure 1 is a vector diagram of a synchronous machine, 
Figure 2 is a vector diagram of a synchronous machine in connec- 
tion with the method of the invention. 

Figure 3 shows simulated curve forms of a synchronous machine in 
connection with the method of the invention. 

DETAILED DESCRIPTION OF THE INVENTION 

[0010] Synchronous machines are often controlled by using vector 
control. In this control method, rotating vectors with a magnitude and direction 
are formed of the alternating current quantities prevailing in the machine. By 
means of vector control, the electric quantities of the controlled machine can 
be controlled exactly. This is based on an electric model made of the machine, 
which calculates the quantities prevailing in the machine. With these quantities 
estimated from the model and possibly measured, the machine can be con- 
trolled in an as optimal manner as possible. 
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[0011] Figure 1 shows a vector diagram of a synchronous machine, 
which tries to clarify the fluxes, voltages and currents prevailing in the syn- 
chronous machine during normal use. The vectors are shown in a rectangular 
dq coordinate system, in which the d axis is attached to the direct axis, i.e. d 
axis, of the rotor. Because the coordinate system is attached to the rotor, the 

vectors remain in place when the machine in a steady state. Figure 1 shows a 
stator flux linkage vector , air-gap flux linkage vector y/„, , stator coil leakage 

flux linkage vector , stator voltage vector , and field pole current vector 

ij- reduced to the stator. All these quantities are, as known, available during 

the control of a synchronous machine, when vector control or another control 
method based thereon is used as the control method. 

[0012] In the following description of the invention, reference is 
made to calculations and quantities that are used in the above-mentioned dq 
coordinate system attached to the rotor. However, it is clear that the calcula- 
tions and quantities can also be presented in other coordinate systems without 
in any way affecting the operation of the method of the Invention. 

[0013] During the method of the invention, the current in the rotor 
coil, i.e. field pole, is nearly zero. To achieve this, the coil is preferably shorted 
out. The coil current is also made neariy zero by opening the coil ends, by 
equipping the coil with a resistor, or by feeding it from a separate current sup- 
ply. The coupling of the rotor coil for measurement can be done not only by a 
mechanical coupling change, but also by controlling the feeding bridge or by 
operating the overvoltage protection of the coil. 

[0014] The method of the invention begins by startling the synchro- 
nous machine preferably with a reduced flux. The synchronous machine then 
operates as a reluctance machine, since the rotor is not magnetized while the 
field pole current is substantially zero. 

[0015] According to the invention, the rotor of the machine is al- 
lowed to rotate freely, in other words, the rotor axle should not have much 
load. If the torque of the apparatus run by the machine cannot be decreased 
during measurement, it should be detached from the machine shaft. 

[0016] To prevent the machine from falling from synchronism during 

start-up acceleration, it is often necessary to limit the load angle, i.e. stator flux 

angle, of the machine with respect to the direct axis, i.e. d axis, of the machine. 
If this load angle is to be limited to the value of S^^^ , the torque reference 

should be limited to the value of 



PCT/FI2003/0009211 fl Q ? 1 



4 



wherein 

p is the pole pair number of the machine, 

V^s,ref IS the reference value of the stator flux, 

X,^ is the leakage inductance of the stator, 

is the direct-axis component of the air-gap flux link- 
age, and 

is the quadrature-axis component of the air-gap flux 

linkage. The air-gap flux linkage components can either be measured or esti- 
mated from the machine voltages and currents by using known methods. Ei- 
ther a value provided by the manufacturer of the motor or a measured value 
can be used as the leakage inductance L^^ of the stator. Direct limiting of the 

torque is naturally possible only with a feeding inverter, in which the control of 
torque is possible. This type of implementation enabling torque control is for 
instance described in publication US 4,678,248. 

[0017] Instead of the above torque reference, the load angle can 
also be limited by limiting the torque current reference perpendicular to the sta- 
tor flux to a value according to formula 

hTsrefjXttax j- ' \^) 

Naturally, it is possible to develop the formulas further and to obtain a desired 
load angle limitation by limiting other quantities on the basis of the used in- 
verter type and its properties, 

[0018] By using a 45-degree limitation in the motor acceleration, 
formula (1) becomes 

- 3V2p Ws^ref \ 1 .ox 

^,^.max = J^Wmd " V^/n J- (3) 



and correspondingly, formula (2) becomes 
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hXs re/,max « Z • V^) 

^ ^S<T 

[0019] In the start-up step, the cx)ntrol system of the synchronous 
motor uses an estimate obtained from the manufacturer of the motor on the 
unsaturated quadrature-axis magnetizing inductance of the motor. 

[0020] After the machine accelerates to a speed sufficient for 
measurement, which is for instance approximately 30 to 60 % of the field- 
weakening rate, the load angle limit of the machine is raised to 90 degrees. It 
should be noted that the above change in the machine rotor, such as its short- 
ing out to prevent rotor current, can also be made after the machine has 
started, but before beginning the actual measurements. Formula (1) with the 
load angle limit at 90 degrees produces 

rp _ 3p V^s,ref 

^ ref,TnBX - ^ V^md • 

[0021] Formula (2) produces correspondingly 

[0022] According to a preferred embodiment of the method, the ma- 
chine speed is increased at the same time. Thus, the object of the invention is 
to increase the load angle of the machine to the 90-degree limit and to remain 
at the limit during the entire measurement. 

[0023] The measurement according to the invention is begun when 
the currents of the damper coils and field pole are dampened. The torque pro- 
duced by the machine is then also zero, and the speed of the machine does 
not change significantly during the measurement. 

[0024] The stator voltage and current of the motor is defined ac- 
cording to the invention. The definition is made preferably by measurement, 
and sensors of the voltage converter controlling the motor are preferably used 

in this. Because the motor operates at a 90-degree load angle and the rotor 
currents are at zero, its stator current vector J, is parallel to the quadrature 
axis, i.e. q axis, and Its stator voltage vector is parallel to the negative direct 
axis, i.e. d axis. The vector diagram of Figure 2 illustrates the position of these 
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vectors when using a 90-degree load angle. The quadrature-axis magnetizing 
Inductance L Is then obtained by formula 



u^^ is the direct-axis component of the stator voltage, 

0) is the electric angular velocity of the motor, 

i^^ is the quadrature-axis component of the stator current, and 

L^^ is the leakage inductance of the stator. 

[0025] According to the invention, the motor flux is preferably 



changed step by step and the measuring is repeated after each step after the 
transient has dampened. By repeating the measurements, the values of differ- 
ent fluxes generate a table, in which the quadrature-axis magnetizing induc- 
tance is presented as a function of the quadrature-axis current. When measur- 
ing for the table, it is advantageous to use in the control model of the machine 
either the last calculated inductance value or a value generated from the last 
measurement value by a suitable function. The motor flux can be changed in 
an arbitrary order, but the simplest way of changing the flux is done by increas- 
ing the flux. 



[0026] The table generated with the method of the invention and a 



table of direct-axis magnetizing inductance defined with a normal open-circuit 
test can be used to empirically extrapolate the behaviour of inductances when 
current is running in the machine both in the direct-axis and quadrature-axis 
direction. 



[0027] Alternatively, the stepwise flux change described above can 



also be replaced by a slowly changing flux reference. Formula (7) should then 
also take into consideration the voltage terms caused by the changes in flux 
and inductance. 



[0028] Instead of formula (7), the inductance values can also be de- 



fined indirectly. The voltage value is then calculated by means of the initial 
value of quadrature-axis magnetizing inductance with formula 



'mq 




(7) 



wherein 



(8) 
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[0029] The calculated voltage in the formula is compared for in- 
stance with a voltage measured with a PI controller. The output of the control- 
ler then corrects the estimate of quadrature-axis magnetizing inductance in 
such a manner that the error in the estimated voltage with respect to the 
measured decreases. 

[0030] When the desired measurements have been made according 
to the invention, the load angle limit is returned to 45 degrees, for instance, 
and the motor is decelerated to a standstill. To achieve normal operation, the 
coupling of the rotor should yet be retumed to normal. 

[0031] Figure 3 shows simulation results of an Identification run, 
which are briefly described in the following to clarify the method of the inven- 
tion. Identification was started by switching electricity on in the motor at time 
instant zero. After this, the currents of the machine were allowed to settle for 
five seconds. The stator flux linkage reference was set to 0.2 per unit (pu), i.e. 
a value that corresponds to 20% of the nominal value. At five seconds, the 
speed reference was increased so that the motor started rotating. The load 
angle limit of 45 degrees was kept until 13 seconds, after which the limit was 
increased to 90 degrees. The increase in the limit resulted at first in an in- 
crease in the torque, but due to the shorted out rotor, the currents in the rotor 
quickly dampened. So as to maintain the load angle limit in the machine, the 
speed reference was increased at 14 seconds. At 17 seconds, the measure- 
ment was started, which is shown by the stepwise increase of the flux linkage 
from 19 seconds onwards. Figure 3 also shows curve forms of other quantities, 
but the above describes the most important quantities for understanding the 
invention. 

[0032] It is obvious to a person skilled in the art that while the tech- 
nology advances, the basic idea of the invention can be implemented in many 
different ways. The invention and its embodiments are thus not restricted to the 
examples described above, but can vary within the scope of the claims. 
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CLAIMS 

1 . A method for defining quadrature-axis magnetizing inductance of 
a synclironous machine when the synchronous machine is fed with an inverter, 
characterized in that the method comprises the steps of 

starting the synchronous machine without load or with reduced load, 
l<eeping the rotor current of the synchronous machine substantially 

at zero, 

accelerating the synchronous machine to initial angular velocity of 
measurement, 

controlling the load angle (5s) of the synchronous machine substan- 
tially to 90 degrees, 

defining the stator voltage (u, ), the stator cun-ent (J,) and the elec- 
trical angular velocity (o) of the synchronous machine, and 

defining the quadrature-axis magnetizing inductance {L,„g ) of the 
synchronous machine on the basis of the stator voltage (m^ ), the stator current 
(i,) and the electrical angular velocity (to ) of the machine. 

2. A method as claimed in claim 1, characterized in that the 
start-up of the synchronous machine comprises a step of starting the synchro- 
nous machine at reduced flux. 

3. A method as claimed in claim 1 or 2, characterized in that 
the method also comprises a step of changing the flux of the synchronous ma- 
chine and perfomilng the definition of the stator voltage {it/), stator current 
(J,), and electrical angular velocity (o) of the machine, and the definition of 
quadrature-axis magnetizing Inductance (L^) based thereon repeatedly as 
the flux changes. 

4. A method as claimed in claim 3, characterized in that the 
flux of the synchronous machine Is changed step by step, and the measure- 
ments are made after each stepwise change. 

5. A method as claimed In claim 3 or 4. characterized in that 
the method also comprises a step of accelerating the speed of the machine. 

6. A method as claimed In claim 1 or 2. characterized in that 
the start-up of the machine comprises a step of starting the machine at a lim- 
ited load angle. 

7. A method as claimed in any one of the preceding claims 1 to 2, 
characterized in that keeping the rotor current of the machine substan- 



PCT/m003/000921j Q 9 2 1 



9 

tially at zero comprises a step of shorting out the rotor coils, opening them or 
equipping them with a resistor, or of feeding the rotor coils from a current sup- 
ply. 

8. A method as claimed in any one of the preceding claims 1 to 7, 
characterized in that the quadrature-axis magnetizing inductance 

(Z^ ) of the synchronous machine is calculated by formula L ^--^ — L^^ , 

wherein u^^ is the direct-axis component of the stator voltage, co is the electri- 
cal angular velocity of the motor, i^^ Is the quadrature-axis component of the 
stator current, and L^^ is the known leakage inductance of the stator. 

9. A method as claimed in any one of the preceding claims 1 to 7, 

characterized in that the definition of the quadrature-axis magnetizing 

inductance of the synchronous machine comprises the steps of 

calculating by means of the quadrature-axis magnetizing inductance 
{L^q ), known leakage inductance (Z^^) of the stator, electrical angular velocity 

(fi) ) of the motor and the defined direct-axis component {i^^) of the stator cur- 
rent an estimate {u^^^^ ) for the direct-axis component of the stator voltage by 
using the fomiula the u,^^^, =-ayi,g(L,^ 

comparing the estimate (u^a^est) of the stator voltage direct-axis 
component with the defined stator voltage {u^^)* 

correcting the magnitude of the quadrature-axis magnetizing induc- 
tance (Z ) on the basis of the comparison. 
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